What can SOFIA do about global warming?

SOFIA

Stratospheric Observatory
For Infrared Astronomy

E. E. Becklin
SOFIA Chief Scientist

October, 2007




SOFIA — The Observatory
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Overview of SOFIA
SOFIA is 2.5 m telescope in a modified B747SP aircraft

Optical-mm performance
The obscured IR (30-300 um) is most important

Joint Program between the US (80%) and Germany (20%)
First Science 2009 (NASA, DLR, USRA, DSI)
Designed for 20 year lifetime

Operating altitude
39,000 to 45,000 feet (12 to 14 km)
Above > 99.9% of obscuring water vapor at sea level

World Wide Deployments
Ramp up to ~1000 science hours per year

Why SOFIA?
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Major Physical Installations Completed

Main Deck, Looking Aft at Instrument Interface
Telescope Installed — :

NASA Dryden Flight Research Center Photo Collection
htp/fwww.dfre.nasa. gov/Gallery/Photo/index. heml

A Photo: EDO7-0078-033 Date: April 25, 2007 Photo By: Tony Landis

ns check out the mounting structure of the infrired telescope installed in NASA's
Stratospheric Observatory for Infrared Astronomy (SOFIA).

SOFIA’s Instrument Complement

As an airborne mission,
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Astrochemistry

SOFIA is an outstanding

observatory to study CSO FTS Spectrum of ORION OMC1
chemistry in space

Most ground state molecular lines
in IR or submillimeter

Need high spectral resolution
throughout which SOFIA has.
As sensitive as CSO, but much
larger wavelength range is
accessible

Light molecules: Molecular
hydrogen, HD, water, other
hydrides in IR and submillimeter

The fullerene, Cq, has 4 IR lines
in SOFIA’s bands
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Occultation astronomy with SOFIA

Ammm»snxxulmum . S
SOFIA will determine ;‘ . .
the properties of f Stolar sinal

Dwarf Planets in and w ! G Mot ot Ogung O
beyond the Kuiper )

Belt Pluto occultation IightcuWe observed on
the KAO (1988) probes the atmosphere

*SOFIA can fly anywhere on the Earth, allowing it to position itself under the
shadow of an occulting object.

*Occultation studies with SOFIA will probe the sizes, atmospheres, and
possible satellites of newly discovered planet-like objects in the outer Solar
system.

*The unique mobility of SOFIA opens up some hundred events per year for
study compared to a handful for fixed observatories.




Planetary Atmospheres
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SOFIA will determine .. L o
the Methane on Mars il

F

The ground-based infrared spectrum of Mars is dominated by broad lines in

the Earth atmosphere. A weak feature on the wing of the strong terrestrial
methane line may be the Doppler-shifted methane line in the Mars
atmosphere. at Gt

If true, the methane abundance is high and may reflect biogenic activity. v ,'(N'\,f‘f‘

EXES working at 7.6 microns in the Stratosphere will be able to see directly
the Doppler-shifted methane lines on Mars

How much methane is on Mars?

Does it show biogenic activity? What are the spatial and seasonal
variability?

Resolving Star Formation: Spitzer & SOFIA

NASA/JPL-Caltech/Z. Wang

Antennae Galaxies

IRAC @ 8 microns (red; 160s, 4’ x 4°)
complement with same resolution with
FORCAST @ 24 microns

NASA/JPL-Caltech/V. Gorjian

Henize 206- LMC high mass star formation
MIPS @ 24 microns (80s, 20’ x 20’)
complement with same resolution with
HAWC @ 53 / 89 microns (mosaic)




Cold Molecular Hydrogen using HD

SOFIA will study deuterium in the RTINS
galaxy using the ground state HD line
at 112 microns. This will allow
determination the cold molecular
hydrogen abundance.

Atmospheric transmission around the HD line at 40,000 feet

Deuterium in the universe is created in the Big Bang.

Measuring the amount of cold HD (T<50K) can best be done with the ground state
rotational line at 112 microns.

Detections with ISO means a GREAT high resolution spectrometer study possible.
As pointed out by Bergin and Hollenbach, HD probes the cold molecular hydrogen.

HD has a much lower excitation temperature and a dipole moment that almost
compensates for the higher abundance of molecular hydrogen.

In the future could be used much like the HI 21cm maps but for cold molecular gas.

Summary

Program making progress!

Aircraft structural modifications
complete

Telescope installed, several
instruments tested on ground
observatories

Completed first flight and ferry flight to
NASA Dryden

Full envelope flight testing (closed
door) has started.

Several subsystems will be installed
spring/summer 08 (Door motor
drive, coated primary mirror)

First science in '09
SOFIA will be one of the primary
facilities for far-IR and sub-
millimeter astronomy for many
years




Global warming

Climate change caused by anthropogenic
increases in greenhouse gasses

primary reference: Technical summary of the fourth report
of the Intergovernmental panel on climate change (IPCC)

The IPCC includes scientists and economists appointed by
many national governments. The report is a consensus,
accepted by all panel members.

Solomon, S., D. Qin, M. Manning, R.B. Alley, T. Berntsen, N.L. Bindoff, Z. Chen, A. Chidthaisong, J.M. Gregory, G.C. Hegerl,

M. Heimann, B. Hewitson, B.J. Hoskins, F. Joos, J. Jouzel, V. Kattsov, U. Lohmann, T. Matsuno, M. Molina, N. Nicholls, J.
Overpeck, G. Raga, V. Ramaswamy, J. Ren, M. Rusticucci, R. Somerville, T.F. Stocker, P. Whetton, R.A. Wood and D. Wratt,
2007: Technical Summary. In: Climate Change 2007: The Physical Science Basis. Contribution of Working Group | to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis,
K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY,
USA.

Anthropogenic increases in greenhouse gasses

We are increasing the CO,, CH,, and O, in our atmosphere.
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CHANGES IN GREENHOUSE GASES FROM IcE CoRe AND MoDERN Data
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Figure TS.2. The concentrations and radiative forcing by (a) carbon dioxide (CO,), (b) methane (CH,), (c) nitrous oxide (N,0) and (d) the
rate of change in their combined radiative forcing over the last 20,000 years rec from ic and ice and fim
data (symbols) and direct atmospheric measurements (panels a,b,c, red lines). The grey bars show the reconstructed ranges of natural
variability for the past 650,000 years. The rate of change in radiative forcing (panel d, black line) has been computed from spline fits to the
concentration data. The width of the age spread in the ice data varies from about 20 years for sites with a high accumulation of snow such
as Law Dome, Antarctica, to about 200 years for low-accumulation sites such as Dome C, Antarctica. The arrow shows the peak in the
rate of change in radiative forcing that would result if the anthropogenic signals of CO,, CH,, and N,O had been smoothed comresponding
to ditions at the I lation Dome C site. The negative rate of change in forcing around 1600 shown in the higher-resolution
inset in panel d results from a CO, decrease of about 10 ppm in the Law Dome record. {Figure 6.4}

Changing Climate

Global mean surface temperatures have increased 0.5-1.0°F since the late 18th century. The 20th century's 10
warmest years all occurred in the last 15 years of the century. Of these, 1998 was the warmest year on record. The
show cover in the Northern Hemisphere and floating ice in the Arctic Ocean have decreased. Globally, sea level has
risen 4-8 inches over the past century. Worldwide precipitation over land has increased by about one percent. The
frequency of extreme rainfall events has increased throughout much of the United States.

Global Temperature Changes (1880-2000)
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Increasing concentrations of greenhouse gases are likely to accelerate the rate of climate change. Scientists
expect that the average global surface temperature could rise 1-4.5°F (0.6-2.5°C) in the next fifty years, and
2.2-10°F (1.4-5.8°C) in the next century, with significant regional variation. Evaporation will increase as the climate
warms, which will increase average global precipitation. Soil moisture is likely to decline in many regions, and
intense rainstorms are likely to become more frequent. Sea level is likely to rise two feet along most of the U.S.
coast.

Calculations of climate change for specific areas are much less reliable than global ones, and it is unclear whether
regional climate will become more variable.




lemperature Difference (°C)

Temperature is rising with the greenhouse gasses
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Figure TS.18. Annual averages of the global mean sea level based on
reconstructed sea level fields since 1870 (red), tide gauge measurements
since 1950 (blue) and satellite altimetry since 1992 (black). Units are in mm
relative to the average for 1961 to 1990. Error bars are 90% confidence
intervals. {Figure 5.13]




Global warming theory
in astronomers’ language (and oversimplified)

47[R20T;,f= nR2F®(1 -a) o = albedo

l-a

hotosp here dT
Ty = Eff-l-j:;rface dRaR
dT 3xp k = Rosseland mean
= 7 Fir opacity
dR 160T - .
Fr = outgoing flux
4

FIR = OTejff

It's not so simple

If k only changed because of the direct effect of emissions
of greenhouse gasses, doubling of the CO,
concentration would only cause ~1K temperature rise.

The main complications are due to feedback.

Kk = k(T) especially because water vapor varies with T
o = a(T) especially because ice has high albedo
Cloud affect both x and a.

Heat is also carried by convection.

General Circulation Models are needed to make realistic
calculations.
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Can we avoid running (and trusting) GCMs?

CO, and temperature have risen together

o
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Temperature Difference (°C)
=
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Can we avoid running (or trusting) GCMs?

From ice cores and various
proxy records of temperature
we know that CO, and T
have varied together.

But does this prove that the
CO, variations caused the
T variations and that
anthropogenic CO,
variations will cause the
same T variations? A1

Are the CH, variations cause
or effect?
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Comparison between modeled and observations of temperature rise since the year 1860
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Predictions of future temperature rise

What do the GCMs say about future temperatures, and
how large are the uncertainties?

If the CO, concentration rises to twice the pre-industrial
level of 280 ppm, the equilibrium temperature is
predicted to rise by 3K +/-1K (1o range).

The biggest uncertainty in what the temperature will be 50
or 100 years from now is in how much the CO, will rise,
not in the models.

The CO, concentration is now at 380 ppm, and it is rising
by 2 ppm/yr. If the rise continues linearly (not
exponentially), CO, will reach 560 ppm by 2100.

13



CO, EmissioNs AND INCREASES
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CO, emissions and the
rate of increase in the
CO, concentration in
the atmosphere have
about tripled since
1960.
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Figure TS.3. Annual changes in global mean CO, concentration
(grey bars) and their five-year means from two different
measurement networks (red and lower black stepped lines).
The five-year means smooth out short-term perturbations
associated with strong ENSO events in 1972, 1982, 1987 and
1997. Uncertainties in the five-year means are indicated by
the difference between the red and lower black lines and are
of order 0.15 ppm. The upper stepped line shows the annual
increases that would occur if all fossil fuel emissions stayed in the
atmosphere and there were no other emissions. {Figure 7.4}

variability between models—
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emission | Moderate growth (A1B)

scenarios

N

low growth (B1)

|

Global Surface Warming (" C)

constant CO,

.T_ o~
2000
Year
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Figure 1: Temperature projections to the year 2100, based on a range of emission scenarios and
global climate models. Scenarios that assume the highest growth in greenhouse gas emissions
provide the estimates in the top end of the temperature range. The orange line (“constant CO2”)
projects global temperatures with greenhouse gas concentrations stabilized at year 2000 levels.

Source: NASA Earth Observatory, based on IPCC Fourth Assessment Report (2007)
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Figure 2: Projected future regional patterns of warming based on three emissions scenarios (low,

medium, and high growth). Source: NASA Earth Observatory, based on IPCC Fourth Assessment
Report (2007)

Who will be affected?

Summer Maximum and Winter Minimum Temperature Change

#5.F
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Inuvik®

By 2005, summer ice coverage was only about three-quarters of the Artic's long-term average (outline).

Is there a technological fix?

There had better be, because even if we cut our CO,
production, the temperature will keep rising, just more
slowly.

Hydrogen fuel and ethanol won’t help. They take as much
energy to make as they provides.

Coal is even worse than oil.

Nuclear power is expensive and dangerous, and we don't
know how to get rid of the wastes.

It will be very difficult to get enough solar power and wind
power to provide our current usage of electricity.

One promising idea is to pump CO, from power plants into

the ground. But we don’t know if it will stay there and
what effects it might have.

16



Should we wait and see?

Since we aren’t sure whether the temperature rise will be a
problem, should we wait until we know before changing

our production of greenhouse gasses?
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Should we wait and see?

Since we aren’t sure whether the temperature rise will be a
problem, should we wait until we know before changing
our production of greenhouse gasses?

| think the biggest (often unstated) misconception among
people who understand the greenhouse effect is thinking
that if we could level off our production of CO, the
temperature would level off.

In fact, the temperature will only stop rising if we stop
producing CO, entirely. It won'’t return to its previous
level for over 1000 years.

Most of the sea level rise will occur long after we stop
producing CO,.

CLiMATE CHANGE COMMITMENT
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Figure TS.31. Calculation of climate change commitment due to past emissions for five different EMICs and an idealised scenario
where emissions follow a pathway leading to stabilisation of atmospheric CO, at 750 ppm, but before reaching this target, emissions are
reduced to zero instantly at year 2100. (Left) CO, emissions and atmospheric CO, concentrations; (centre) surface warming and sea level
rise due to thermal expansion; (right) change in total terrestrial and oceanic carbon inventory since the pre-industrial era. {Figure 10.35}

18



Should SOFIA fly?

We have been asking recently whether the likely scientific
results from SOFIA are worth the cost.

About $500M have been spent so far on SOFIA.
It will take about $300M more to get to full operation.

And it will cost about $80M per year for the planned flight
capability.

This will add up to about $2.4B over 20 years.

Is it worth it? | don’t know.

There is no guarantee we would use it for something more
worthwhile.
But since | care more about life on Earth than | do about

money, | am more concerned about SOFIA’s impact on
the Earth.

How much oil will SOFIA use?

SOFIA will use about 30,000 gallons of aviation fuel for
each flight.

That is about 15 times the per capita use of fossil fuels in
the U.S. (not including any use of fuel in refining and
transporting aviation fuel to SOFIA).

Even with 180 flights per year, that’'s a small fraction of
what is used by all Americans.

But can I tell my students that it is worthwhile using
compact fluorescent light bulbs, or buying small, low
power cars, because every little bit helps, when any
reduction in CO, that results from their conservation
efforts will be undone by a single flight of SOFIA?
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My conclusion

SOFIA will do some very interesting science.

But surely we can do astronomy without burning 30,000
gallons of aviation fuel for 6 hours of telescope time.

Astronomers have the training to understand the
greenhouse effect and to understand the literature about
the effects of increasing the greenhouse gasses.

We have an obligation to try to explain it to our students.

But we can’t argue that they should change their lifestyles
to avoid a disaster if we choose to ignore the problem
when we decide which astronomical projects to do.

backup slides
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SRES MeaN Surrace WARMING PROJECTIONS
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Figure TS.32. Multi-model means of surface warming (compared to the 1980-1999 base period) for the SRES scenarios A2 (red), A1B
(green) and B1 (blue), shown as continuations of the 20th-century simulation. The latter two scenarios are continued beyond the year
2100 with forcing kept constant (committed climate change as it is defined in Box TS.9). An additional experiment, in which the forcing is
kept at the year 2000 level is also shown (orange). Linear trends from the comresponding control runs have been removed from these time
series. Lines show the multi-model means, shading denotes the +1 standard deviation range. Discontinuities between different periods
have no physical meaning and are caused by the fact that the number of models that have run a given scenario is different for each period
and scenario (numbers indicated in figure). For the same reason, uncertainty across scenarios should not be interpreted from this figure
(see Section 10.5 for uncertainty estimates). {Figure 10.4}
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GLAcIAL-INTERGLACIAL IcE Core Data
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Figure TS.1. Variations of deuterium (5D) in antarctic ice, which is a proxy for local temperature, and the atmospheric concentrations of
the greenhouse gases carbon dioxide (CO,), methane (CH,), and nitrous oxide (N,0) in air trapped within the ice cores and from recent
atmospheric measurements. Data cover 650,000 years and the shaded bands indicate current and previous interglacial warm periods.
{Adapted from Figure 6.3}
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